Background: Commercially available testosterone immunoassays give divergent results, especially at the low concentrations seen in women. We compared immunoassays and a nonimmunochemical method that could quantify low testosterone concentrations. Methods: We measured serum testosterone in 50 men, 55 women, and 11 children with use of eight nonisotopic immunoassays, two isotopic immunoassays, and isotope-dilution gas chromatography-mass spectrometry (ID/GC-MS). 
The measurement of circulating testosterone is clinically relevant in the investigation of androgen disorders in humans (1 ) . In men, testosterone analysis is used to evaluate the endocrine activity of the testis. In association with gonadotropin determination, the circulating testosterone concentration provides information concerning the origin of testicular dysfunction (2, 3 ) . Measurement of testosterone is also recommended in the monitoring of patients with metastatic prostate cancer treated with gonadotropin-releasing hormone analogs and/or by antiandrogen therapy, and as a means of checking the that testosterone concentration has decreased to the castration range (4 -7 ) . In women, testosterone is frequently measured as part of the investigation of alopecia, acne, and/or hirsutism (8, 9 ) , although testosterone concentrations remain within the reference interval in 50% of cases (10 ) . Simple testosterone measurements have been shown to have predictive value for the detection of androgensecreting tumors of ovarian origin (11 ) and have also been used to define the minimum drug dose required to abolish androgen secretion in hyperandrogenic women (12 ) . This steroid has therefore been closely monitored in the follow-up of patients with congenital adrenal hyperplasia resulting from 21-hydroxylase deficiency (13, 14 ) .
In children, the circulating testosterone concentration is determined principally for the diagnosis, treatment, and gender assignment of newborns or young infants with ambiguous genitalia (15 ) . The testosterone concentration can be used to determine pubertal stage in association with physical examination and gonadotropin determination and in the follow-up of children with precocious (16 -19 ) or delayed puberty (20, 21 ) .
In all of these situations, a highly sensitive and very accurate testosterone assay is required. Traditional testosterone immunoassays with tritiated testosterone involve extraction and chromatography before testing to eliminate proteins (e.g., binding globulins) and structurally related molecules, which may interfere with the results of the immunoassay (22 ) . These procedures are mostly carried out in referral laboratories. Most of the conventional testosterone assays developed to date are based on iodinated, labeled testosterone and on manual or partially automated procedures, and they are performed with or without serum extraction. In the last 10 years, automated analyzers have become available in the field of endocrinology. Immunoassays based on competition are performed on nonextracted samples with use of nonisotopic labeled testosterone. These analyzers are easy to use, with short cycle times, and are widely used in clinical laboratories. We evaluated the accuracy of these testosterone assays by screening 116 serum samples from men, women, and children with eight direct nonisotopic and two direct isotopic immunoassays (RIA). The testosterone concentrations obtained in each immunoassay were compared with a reference method based on isotope-dilution gas chromatography-mass spectrometry (ID/GC-MS) (23, 24 ) .
Materials and Methods population studied
Blood samples were taken from patients of the Endocrinology Department of Saint-Louis Hospital (Paris, France). Consecutive untreated individuals were studied during 1 year. The following conditions were absent in these individuals: a previous endocrine investigation, taking any treatment that could interfere with hormonal investigation, and hepatic, renal or cardiac injuries. The main reasons for consulting were alopecia, impaired libido, and sexual dysfunction in the men; acne and/or alopecia and/or hirsutism with or without menstrual cycles abnormalities in the women; and delayed puberty or isolated precocious puberty in the children. A testosterone measurement [extraction-partition celite chromatography/RIA (25 ) ], which was part of the clinical investigation, had been included in the endocrine assessment and served as a basis to group individuals into equal distributions between men and women with low, medium, and high testosterone concentrations that covered the wide range of concentrations found in clinical practice. Patients with sufficient serum volumes to be tested by all immunoassays and ID/GC-MS were included in the study. We constructed a bank of 116 serum samples comprising 50 sera from men, 55 sera from women, and 11 sera from children. Individuals were allocated to three groups: adult men [mean (SD) ® tubes (Becton Dickinson) without anticoagulant or preservative, and serum was obtained after centrifugation. All samples were dispensed into 300-L (or 2 mL for ID/GC-MS) aliquots in screw-cap Eppendorf ® tubes (Becton Dickinson) and stored at Ϫ80°C. Samples were transported on dry ice to the various participating laboratories. Serum samples were stored at Ϫ20°C in the laboratories, thawed at room temperature before use, and tested within 8 h of thawing. None of the samples was frozen and thawed repeatedly.
All investigations conformed to the ethical standards of the Helsinki Declaration.
immunologic methods
The study began simultaneously in all laboratories in 2001 (our data reflect the performance of the methods at the time of the exercise). Ten manufacturers agreed to participate in the evaluation, providing assay reagents and, when necessary, installing analyzers. The study included eight automated multianalyte analyzers: Architect i2000 (Abbott Laboratories), ACS-180, Immuno-1 (Bayer Diagnostics), Vidas (Bio-Mérieux), Immulite 2000 (Diagnostics Products Corp.), Vitros Eci (Ortho Clinical Diagnostics), AutoDelfia (Perkin-Elmer), and Elecsys 2010 (RocheBoehringer-Mannheim). We also tested two direct isotopic immunoassays (RIA): Immunotech (BeckmanCoulter), the most commonly used in France (according to data assessed by the French National Interlaboratory Quality Standard Control), and Coat-A-Count DPC (Dade Behring), one of the most frequently referenced assays in the literature [see ]. The main analytical characteristics of these immunoassays are summarized in Table 1 .
Samples were assayed either singly for nonisotopic methods according to the manufacturer's instructions or in duplicate for isotopic and ID/GC-MS methods. The mean testosterone concentration was considered for comparison when isotopic and ID/GC-MS methods were compared. All samples were assayed in each of the laboratories, using assay reagents from the same lot.
id/gc-ms method
Internal standard. Labeled testosterone ([3,4-13 C 2 ]testosterone; Commissariat à l'Energie Atomique, Gif sur Yvette, France) was used as the internal standard. The purity and 13 C enrichment of this standard were confirmed by ID/GC-MS and nuclear magnetic resonance spectroscopy (33 ) .
Sample preparation. We added 1-10 ng of labeled testosterone ( [3,4- 13 C 2 ]testosterone) to 1.0 mL of serum from men Table 1 . Main analytical characteristics, as defined by manufacturers, of the eight nonisotopic and two isotopic testosterone immunoassays tested in the present study. Clinical Chemistry 49, No. 8, 2003 or to 2.0 mL of serum from women and children. The samples were mixed and incubated for 15 min at 37°C. The sample volume and the amount of internal standard were adjusted according to the testosterone concentration measured previously by extraction-partition celite chromatography/RIA (25 ) to obtain a ratio of unlabeled/ labeled testosterone between 0.5 and 1.0. Samples were mixed, incubated for 15 min at 37°C, and extracted with 5 mL of diethyl ether by rapid vortex-mixing for 2 min. After centrifugation (15 min at 3000g) and freezing of the aqueous layer, the organic layer was decanted, evaporated to dryness under nitrogen at 45°C, and extracted. The extract was dissolved in 200 L of 50 mL/L ethyl acetate in isooctane and purified on a column (6 mm internal diameter) containing 0.45g of ethylene-glycolimpregnated celite (Prolabo). After the reconstituted extract was loaded on the column, the column was washed with 8 mL of isooctane, and the eluent was discarded. Then testosterone was then eluted with 3 mL of 150 mL/L ethyl acetate in isooctane. The solvent was evaporated under nitrogen (45°C), and the dry residue was dissolved in 50 L of heptafluorobutyric anhydride and 200 L of anhydrous acetonitrile. The resulting solution was incubated for 30 min at 37°C (derivatization). The solvent was evaporated under nitrogen, the residue was dissolved in 20 L of hexane, and 2-4 L of the solution was injected into the ID/GC-MS instrument.
Testosterone was quantified by monitoring the mass/ charge (m/z) ions corresponding to the derivatives molecular ions of unlabeled (m/z ϭ 680) and [3,4- 13 C 2 ]testosterone (m/z ϭ 682) internal standard. The calibration curve was obtained from the peak-area ratios of the m/z 680/682 ions from three solutions containing 0.0, 2.5, and 5.0 ng of unlabeled testosterone amounts and 5.0 ng of labeled testosterone, corresponding to unlabeled/labeled testosterone concentration ratios of 0.0, 0.5, and 1.0. We corrected for the overlap between the unlabeled testosterone peak area at 682 and the labeled testosterone peak area at mass 680 on calibration curves and for samples, as described previously (34, 35 ) . Testosterone calibrators and patients' samples were analyzed in duplicate, and the mean value was used for data analysis.
A plot from the weighted Deming regression analysis, performed in samples from women, between extractionpartition celite chromatography/RIA and ID/GC-MS is presented in Fig. 1 . Five samples were discrepant between the two methods concerned. The results obtained with extraction-partition celite chromatography/RIA vs those obtained with ID/GC-MS for these five samples were 3.12 vs 2.54, 2.77 vs 2.11, 3.29 vs 2.52, 3.12 vs 2.49, and 2.94 vs 2.05 nmol/L.
ID/GC-MS procedure. ID/GC-MS analysis was performed
with a Carlo Erba chromatograph coupled to a quadrupole mass spectrometer (QMD 1000; Thermofinnigan France) system equipped with a 30-m fused-silica capillary column (DB5; 0.32 mm i.d.; 0.25 mm film thickness; J&W Scientific) with helium as the carrier gas (flow rate, 1.2 mL/min). We injected of 2-4 L of sample into the apparatus at 275°C, using a mobile needle injector. Column temperature was maintained at 220°C for 13 min and was then increased to 265°C at a rate of 10°C/min. The ion source was operated in the electron impact mode with 70 eV electron energy, and the photomultiplier was set to 700 V. Molecular ions of the derivatives of testosterone (m/z 680) and [ 13 C]testosterone (m/z 682) were monitored.
Analytical characteristics of ID/GC-MS.
The detection limit was Ͻ0.15 nmol/L (calculated on the basis of a signal-tonoise ratio Ͼ6). Chromatograms from a child (testosterone concentration, 0.17 nmol/L) and a woman samples (testosterone concentration, 0.80 nmol/L) are depicted in Fig. 2 . The interrun CVs were 15% at a mean concentration of 0.20 nmol/L (n ϭ 8), 3.9% at a mean concentration of 0.74 nmol/L (n ϭ 7), 3.6% at a mean concentration of 2.67 nmol/L (n ϭ 6), 2.8% at a mean concentration of 17.59 nmol/L (n ϭ 14), and 2.1% at a mean concentration of 36.65 nmol/L (n ϭ 19). The accuracy was determined by a dilution test and by calculating analytical recoveries of added testosterone to serum aliquots from two pools. All of these specimens were analyzed in triplicate. The dilution test (1.9 -34 nmol/L) yielded the following linear regression equation: y (experimental values) ϭ 0.997x (expected values) Ϫ 0.113 nmol/L (r 2 ϭ 0.9997). The recoveries (%) of testosterone added to aliquots from two serum pools (0.346 and at 1.250 nmol/L, respectively) are shown in Table 2 .
statistical analysis
The testosterone concentrations measured by each assay and ID/GC-MS for samples from men and women were compared with use of the nonparametric Wilcoxon matched-pairs signed-ranks test. The weighted Deming regression analysis (reference method as the x values, and the assay tested as the y values) was performed using samples taken from men (n ϭ 50) and women (n ϭ 55) separately (36 ) . Bland-Altman analysis (37 ) , based on evaluation of the difference between the methods (testosterone concentration measured by assay tested Ϫ testosterone concentration measured by ID/GC-MS) against their mean [(testosterone concentration measured by ID/ GC-MS ϩ testosterone concentration measured by assay tested)/2] was used to assess the between-assay difference. The limits of agreement (estimated by the mean difference Ϯ 2 SD of the differences) and the percentages of outliers were also calculated. The ratio method (result from assay tested/result from ID/GC-MS vs result from ID/GC-MS) (38 ) was performed to assess the distribution of the values obtained by each assay compared with ID/GC-MS and the magnitude of the discrepancy.
Results
We analyzed 116 serum samples, including 55 from women, 50 from men, and 11 from children. Samples with testosterone concentrations below the detection limit of the immunoassay tested (Architect i2000, n ϭ 1; Vidas, n ϭ 2; Immulite 2000, n ϭ 2; Elecsys 2010, n ϭ 2; Immunotech, n ϭ 1; Coat-A-Count DPC, n ϭ 4) and samples with insufficient serum volume when assayed (Architect i2000, n ϭ 5; Vidas, n ϭ 2) were not included in the data analysis. Testosterone data from the samples from children are individually shown for each immunoassay and ID/GC-MS (Table 3) .
The testosterone values [median, mean, SD, and concentration range (nmol/L)]obtained by ID/GC-MS and immunoassays tested samples from women and men and the results of the statistical analysis of the data are shown in Table 4 . The range, median, mean, and SD were highly dispersed among immunoassays in both adult groups, and differences compared with ID/GC-MS were large. All of the methods but Vidas and Vitros Eci in women and Architect i2000, Immuno-1, and Coat-A-Count DPC in men showed significantly different median testosterone values compared with ID/GC-MS. It should be stated that this statistical analysis compared the differences between medians and did not address the scatter of the results between each immunoassay and ID/GC-MS. Equations from the weighted Deming regression analysis, performed in women and men separately, are presented in Table 5 , and the plots are presented in Fig. 1 of the Data Supplement accompanying the online version of this article at http://www.clinchem.org/content/vol49/issue8/.
For samples from men, the slopes and intercepts ranged from 0. Table 3 . Individual testosterone concentrations, in samples from male (samples 1-6) and female (samples 7-11) children (age range, 2-12 years), as measured by ID/GC-MS method and 10 testosterone immunoassays. The following numbers of samples for which testosterone was below the detection limit defined by the manufacturer were excluded: Architect i2000 (n Using Bland-Altman analysis, we calculated mean differences and 2 SD of the differences for samples from men and women; the results are shown in Table 4 . In samples from men, mean differences ranged from Ϫ4.79 nmol/L (Elecsys 2010) to 2.55 nmol/L (ACS-180). Compared with ID/GC-MS, 70% of the immunoassays tested underestimated testosterone concentrations. The highest magnitudes of disagreement were observed for the Vidas, Elecsys 2010, and RIA Immunotech (negative mean differences Ͼ4 nmol/L). In samples from women, the mean differences ranged from Ϫ0.69 nmol/L (Elecsys 2010) to 3.29 nmol/L (Immulite 2000). Compared with ID/GC-MS, 70% of the immunoassays tested overestimated testosterone concentrations. The highest magnitudes of disagreement were for the Immulite 2000, AutoDelfia, and ACS-180 (positive mean differences Ͼ2 nmol/L). When the limits of agreement, as calculated by the BlandAltman analysis (mean difference Ϯ 2 SD of the differences), were applied, 8 of 10 immunoassays and 5 of 10 immunoassays gave percentages of values higher than the 5% usually defined as the value that should be found outside the mean difference Ϯ 2 SD of the differences (Table 4) for samples from men and women, respectively.
The results for samples from men and women analyzed by the ratio method were clearly separated and are shown in Fig. 3 . The ACS-180 and AutoDelfia displayed a positive bias over the female and male testosterone concentration ranges tested. Conversely, Elecsys 2010 was the sole method that clearly underestimated testosterone concentrations over the female and male concentration ranges tested. The Immulite 2000 and RIA Immunotech overestimated results in the female concentration range tested and displayed a negative bias over the male concentration range tested, whereas the Architect i2000, Immuno-1, and Coat-A-Count DPC overestimated testosterone in the female concentration range and displayed results evenly distributed close to a ratio of 1.0 for male testosterone concentrations. The results for the female testosterone concentration range tested were widely dispersed, particularly for AutoDelfia and Immulite 2000.
We investigated the ability of the immunoassays tested to adequately distinguish between hypo-and normogonadal men, using 9 of the 50 samples from men with testosterone concentrations of 8. 
Discussion
The methods used to measure testosterone differ considerably, and high interassay variability has been observed for assays that directly (i.e., without sample extraction) measure testosterone in samples from men and women (31 ) . Commercially available direct testosterone assays generally overestimate the steroid concentration (27 ) . This is true for samples from children (particularly newborns and young infants) and for samples from women (22, 27, 39 ) . Differences among RIAs using iodinated testosterone have also been described, to a lesser extent, for samples from men (31 ) . In contrast, RIA procedures that use tritiated testosterone combined with extraction and chromatographic purification steps to eliminate binding globulins and structurally related molecules give lower values for samples from children (22 ) , and testosterone concentrations correspond to those measured by ID/ GC-MS (27, 40, 41 ) . In samples from women, testosterone values were not the same between extraction-chromatography/RIA and ID/GC-MS, but the differences were comparable [Ref. (42 ) and our data]. Nonetheless, these data diverge from the results reported by Fitzgerald et al. (43 ) , who in a reply to a letter to the editor (30 ) showed a lack of correlation between negative chemical ionization/ GC-MS and extraction-chromatography RIA in samples from women. This lack of correlation is of concern, as noted by these authors. ID/GC-MS does not suffer from cross-reactivity or matrix effects and is used as the reference method for the evaluation of steroid immunoassays (23, 24 ) . ID/GC-MS and tritiated testosterone RIAs are the principal methods used in referral laboratories. Procedures based on nonisotopically labeled analytes adapted for use in automated analyzers are now available and are widely used in routine clinical laboratories (44, 45 ) . Some of these methods were tested recently in studies evaluating the performance of automated nonisotopic immunoassays against that of a direct RIA (29, 30, 32, 46 ) or against the performance of other nonisotopic automated immunoassays (47, 48 ) . Most of these studies found acceptable concordance between nonisotopic immunoassays, although the results were poorer for women (29 ) . These initial analyses were encouraging, although, as shown by Ognibene et al. (47 ) , there are still unanswered questions concerning the extent of agreement between the various tests. Indeed, two of the three nonisotopic immunoassays tested by Ognibene et al. on samples from the entire adult population gave highly scattered results in the low concentration end of the dynamic range (ACS-180) or revealed discrepancies attributable to marked underestimation (Immulite 2000) with respect to ID/GC-MS. The Architect i2000 seems to be the only analyzer showing concordance with ID/ GC-MS in the lower end of the range (47 ). Similar observations were made previously for the ACS-180 by Fitzgerald and Herold (28 ) , who clearly demonstrated that this method gave concordant results primarily with samples from men and not with samples from women. This sex-specific effect was particularly marked at low testosterone concentrations, for which ACS-180 gave values higher than those obtained by ID/GC-MS, as reported by Jockenhö vel et al. (49 ) . Wheeler et al. (29 ) , using serum pools with testosterone concentrations established by ID/GC-MS, demonstrated that the ACS-180 significantly overestimated testosterone concentrations in both female and male ranges.
Clinical Chemistry 49, No. 8, 2003 Our study provides a broad view of the potential of most of the available automated nonisotopic and isotopic testosterone immunoassays to measure testosterone concentrations with accuracy in various groups of individuals reflecting the wide range of testosterone concentrations encountered in clinical practice. In samples from males, the median testosterone concentrations obtained by all immunoassays but the Architect i2000, Immuno-1, and Coat-A-Count DPC differed significantly from those obtained by ID/GC-MS (Table 4 ). This preliminary analysis did not provide information about the scatter of the results between each immunoassay and ID/GC-MS. The equation of the weighted Deming regression analysis showed that all immunoassays but the AutoDelfia were quite well correlated with ID/GC-MS. The slopes were evenly distributed close to 1.0, with 7-10% variation (excepted for the Immulite 2000), and intercepts were highly dispersed. The x axis represents the testosterone concentration measured by ID/GC-MS (nmol/L); the y axis represents the ratio testosterone concentration by immunoassay/ testosterone concentration by ID/GC-MS. Each point represents an individual value. The vertical dotted line separates the testosterone concentrations obtained for individual women and men. Samples in which testosterone was below the detection limit defined by the manufacturer were excluded: Architect i2000, n ϭ 1; Vidas, n ϭ 2; Immulite 2000, n ϭ 2; Elecsys 2010, n ϭ 2; Immunotech, n ϭ 1; Coat-A-Count DPC, n ϭ 4. Five samples for the Architect i2000 and two for the Vidas were excluded because the volume of the serum sample was too small.
For some immunoassays, the agreement with ID/ GC-MS was not so good, as shown by the line of best fit for these assays (Fig. 1 in the online Data Supplement). Plots clearly showed that the Vitros Eci, Vidas, Elecsys 2010, and RIA Immunotech underestimated testosterone concentrations over the concentration ranges tested. In contrast, the ACS-180 overestimated testosterone concentrations in the same range (Fig. 1 in the online Data Supplement). The Bland-Altman analysis showed that the highest magnitudes of disagreement (mean difference Ͼ4 nmol/L) were observed with the Vidas, Elecsys 2010, and RIA Immunotech. The ratio method confirmed that these three assays and the Vitros Eci clearly underestimated testosterone concentrations over the male concentration range (Fig. 3) . We have analyzed the results obtained for samples from men with testosterone concentrations around the cutoff for hypogonadal status. Two methods, ACS-180 and AutoDelfia, overestimated testosterone values in this part of the concentration range and did not clearly separated normo-from hypogonadal individuals. It could be assumed that this observation could interfere with the capacity of these immunoassays to adequately distinguish men with low-normal testosterone concentrations from hypogonadal and/or androgen-blocked men. This could be directly addressed by investigating such individuals and studying their follow-up under treatment.
In samples from women, the mean testosterone concentrations measured by all immunoassays but the Vidas and Vitros Eci differed significantly from those measured by ID/GC-MS (Table 4 ). In addition, the equation obtained by weighted Deming regression analysis showed that all methods were less well correlated with ID/ GC-MS (Table 5 ). Slopes were clearly Ͼ1.0 (excepted for Elecsys 2010) and were widely dispersed. Intercepts were also dispersed. The results obtained by all immunoassays did not clearly agree with ID/GC-MS, as shown by the lines of best fit (Fig. 1 in the online Data Supplement). The Immulite 2000, Architect i2000, AutoDelfia, and ACS-180 markedly overestimated testosterone concentrations. The Immulite 2000 gave the worst results in terms of bias, with dispersion of the results over the entire concentration range, and in term of the correlation coefficient obtained (Fig. 1 of the online Data Supplement and Table 5 ). The Bland-Altman analysis showed that the highest magnitudes of disagreement (mean difference Ͼ2 nmol/L) were for the Immulite 2000, AutoDelfia, and ACS-180 (Table 4) . The plots from the ratio method showed a marked overestimation of testosterone concentrations with a high degree of scattering for the Immulite 2000, AutoDelfia, and to a lesser extent, Immuno-1 (Fig. 3) . These observations could be reinforcing by the imprecision of these methods (particularly the Immulite 2000; Table 1 ). In a clinical situation, most if not all the immunoassays tested were unable to adequately distinguish females with testosterone concentrations within the reference interval for women from females with abnormal testosterone concentrations. The Elecsys 2010 may adversely affect clinical decision-making by giving testosterone results within the reference interval for women diagnosed with abnormal testosterone values and hirsutism.
There are several possible reasons for the lack of agreement between the results obtained with the immunoassays tested and ID/GC-MS for human samples. The first is the so-called matrix effect: immunoassays were performed, as recommended by the manufacturers, with no extraction steps. Thus, certain compounds present in serum, such as lipids and proteins, specifically binding globulins [e.g., sex-hormone-binding globulin (SHBG)], may interfere with the immunoassay. This effect has been observed in isotopic immunoassays (26, 50, 51 ) , although the authors of another study obtained conflicting results (52 ) . In a more recent study, Boots et al. (31 ) also reported such an effect. A similar effect has also been observed in nonisotopic assays (29 ) . The interference involved in the matrix effect may contribute to the divergence of the results obtained by ID/GC-MS and immunoassays and may account for the marked overestimation of testosterone concentrations observed with the ACS-180 and, to a lesser extent, with the Immuno-1 over the entire range of testosterone concentrations (Fig. 3) . This discrepancy is consistent with high blank values. It may also account for the marked underestimation of testosterone concentrations observed with the Elecsys 2010 and, to a lesser extent, with the Vidas and Vitros Eci, probably resulting from excessive correction of the matrix effect. The addition of steroid-releasing agents is unlikely to increase the accuracy of these three immunoassays (ACS-180, AutoDelfia, and Elecsys 2010).
Another possible reasons for the lack of agreement between the results obtained with the immunoassays tested and ID/GC-MS for human samples is the crossreactivity of the antibody. The immunoassay protocols included the use of specific polyclonal (ACS-180, Immuno-1, Vidas, Immulite 2000, AutoDelfia, RIA Immunotech, and Coat-A-Count DPC) or monoclonal (Architect i2000, Vitros Eci, and Elecsys 2010) antibodies (Table 1) , but the antibodies did not seem sufficient to increase the specificity of the immunoassay. Indeed, direct immunoassays display cross-reactivity with structurally related steroids (53 ) or therapeutic agents that also interact with SHBG in the serum (54 ) . Interactions have also been observed between steroid tracers, the corresponding antibodies, and SHBG. Thus, the binding of other nontritiated tracers to serum proteins may be a source of interference in some direct steroid immunoassays, depending on their affinity for SHBG and the antibody used (50, 55 ) . Together, these factors led to overestimation of steroid concentrations.
Other possible reasons for the lack of agreement between the results obtained with the immunoassays tested and ID/GC-MS for human samples include the limit of detection and functional sensitivity, which are particularly important for the determination of low (Ͻ1.7 nmol/L) and very low (0.17 nmol/L) testosterone concentrations (1, 22 ) . Testosterone concentrations were determined in male and female infants (age range, 2-12 years; n ϭ 11); in all but two samples, the testosterone concentration was Ͻ0.15 nmol/L, the limit of detection of our ID/GC-MS. We observed a high degree of variability among immunoassays, as shown in Table 3 . The failure of the Elecsys 2010 to detect low testosterone concentrations contradicts the analytical characteristics provided by the manufacturer in the package insert (Tables 1 and 3 ). When we considered the expected ranges of values in both female adults and in female and male infants (Table 3) , we observed discrepancies between these values and the potential of the assay to detect testosterone at low or very low concentrations. This was true for both the Architect i2000 and Elecsys 2010, for which the expected values in infants were unrelated to the analytical characteristics of these assays, including functional sensitivity (0.48 nmol/L for Architect and 0.42 nmol/L for Elecsys 2010; Tables 1 and 3 ). It was also true for the lower limit of the range of values for samples from women, especially for the Immulite 2000, ACS-180, Elecsys 2010, and Coat-ACount DPC. Unfortunately, this question is still in debate for the Immuno-1, Vidas, Vitros Eci, AutoDelfia, and RIA Immunotech because of the absence of defined values. It is unlikely that these immunoassays could achieve these very low expected values with respect to their relatively high imprecision in the low end of the testosterone range (Table 1) .
Otherwise, in females, the upper limits of the testosterone concentrations were comparable for all assays but the Immulite 2000 (4.16 nmol/L), AutoDelfia (3.70 nmol/ L), and Vidas (3.12 nmol/L). However, when the main analytical characteristics and performances of each assay in the female range were considered, it should be stated that two groups of immunoassays, compared with ID/ GC-MS, could be defined. One group of methods, including the Immulite 2000, ACS-180, AutoDelfia, Architect i2000, RIA Immunotech, Coat-A-Count DPC, and Immuno-1, was characterized mainly (to different degrees) by results that differed significantly from those obtained by ID/GC-MS, a high magnitude of disagreement, wide scatter of the data, and a considerable percentage of individuals with abnormal testosterone concentrations when compared with the upper limit of the ID/GC-MS method. The second group of methods, including the Vitros Eci and Vidas, was characterized by results that were not significantly different from those obtained by ID/GC-MS, lower dispersion of the data, and lower percentages of individuals with abnormal testosterone concentrations when compared with the upper limit of the ID/GC-MS method. However, for high or very high percentages of individuals with abnormal testosterone concentrations as measured by ID/GC-MS, the results obtained by the Vitros Eci, Vidas, and Elecsys 2010 were within the reference interval. This tendency was not improved when corrected by the upper limit of each respective testosterone assay. Overall our results did not allow us to define a strategy or algorithm for each assay to assess how automated nonisotopic testosterone immunoassay methods can and should be used to evaluate female patients in clinical practice.
In conclusion, none of the immunoassays tested was reliable enough for the investigation of the very low and low testosterone concentrations (0.17-1.7 nmol/L) expected in sera from children and women. These assays are therefore unlikely to be useful for diagnosis, follow-up of sexual differentiation, or general use in pediatric surveys. In addition, we consider two of these assays (ACS-180 and AutoDelfia) questionable at the low limit of testosterone concentrations in men. This observation should be confirmed.
